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 A B S T R A C T

Nerve agents such as VX, Tabun (GA), and Cyclosarin (GF) are lethal even in trace amounts. Their lethality in 
addition to being difficult to detect makes nerve agents a significant global security problem. To address this 
problem, surface-enhanced Raman spectroscopy (SERS) has in recent years shown to be a promising technique 
for rapid and non-destructive field detection of various harmful substances. However, the application of SERS to 
nerve agents has so far been limited by their inherently poor Raman scattering cross-section, with nerve agents 
such as GF being particularly difficult to detect. In this work, we present a novel custom-designed Raman probe 
molecule: 4-Thiophene Pyridine Amido Oxime (TPAO), which enables selective detection and discrimination 
of live nerve agents in liquid media at trace concentrations, even using portable Raman instruments with 
limited spectral resolution. We report a detection limit for GF downward 1 ppm, much lower than that found 
in previous studies. We further find that TPAO allows us to detect VX and GA at 1.1 and 2.1 ppm, respectively, 
in line with or slightly surpassing previous benchmarks. To demonstrate the specificity with which TPAO can be 
used to sense and discriminate between nerve agents, we use principal component analysis to quantify spectral 
differences between nerve agents and simulants. Lastly, we show the robustness of TPAO, demonstrating its 
ability to detect nerve agents in complex backgrounds and after rinsing procedures. Altogether, this work 
represents a significant step forward towards achieving rapid and selective field detection of live nerve agents 
using SERS.
1. Introduction

Nerve agents are a group of highly lethal chemical warfare agents 
(CWA). Composed of simple organophosphorus molecular groups, they 
prevent the breakdown of the vital neurotransmitter acetylcholine and 
thus inhibit the proper functioning of the nervous system [1,2]. The 
use and spread of nerve agents is prohibited by the Chemical Weapons 
Convention (CWC), and any nerve agents already in unauthorized 
storage are required to undergo chemical destruction [3]. Despite this 
mandate, nerve agents are still used in acts of mass terror and targeted 
attacks on individuals [4,5]. To minimize the impact of such acts, it is 
key to quickly initiate medical treatment of affected victims, which in 
turn creates the need for rapid and effective methods for the detection 
and identification of nerve agents. For high-volatility nerve agents such 
as Sarin (GB) and Soman (GD), there exist a number of rapid gas phase 
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detection options that can be deployed in both laboratory and field 
environments, such as ion mobility spectrometry and flame photom-
etry [6], although often with limited specificity. However, detection of 
low-volatility nerve agents such as Tabun (GA), Cyclosarin (GF), and 
VX often necessitates sensing techniques that are capable of evaluating 
a suspected nerve agent sample also in liquids. Moreover, the risk 
presented by low-volatility nerve agents mixed in complex matrices or 
with contaminants highlights the urgent need to create sensitive and 
selective detection methods for low-volatility nerve agents in aqueous 
environments [7].

Optical spectroscopy methods are a popular option for rapidly 
sensing low concentrations of nerve agents in a solution. These meth-
ods include, e.g., fluorescence and colorimetric methods which have 
shown high sensitivity and selectivity [8–10]. Compared with these 
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conventional methods, Raman spectroscopy offers a richer spectral 
signature, making it ideal for discriminating between chemically sim-
ilar materials such as nerve agents and other organophosphates. Ra-
man scattering is, however, a very weak phenomenon, with only a 
small number of photons interacting with the molecule to generate 
a Raman signature. As such, modern Raman detection assays often 
utilize surface-enhanced Raman spectroscopy (SERS), in which the Ra-
man signal is enhanced using strong electromagnetic fields near metal 
nanostructures. These strong fields are generated through localized 
surface plasmon resonance; a phenomenon in which light (from, e.g., a 
laser) induces resonant oscillations in the surface electrons confined in 
a metal nanostructure, locally amplifying the electric field intensity. 
This amplification is proportional to the fourth power of the E-field 
amplitude, resulting in a large enhancement of the Raman signal when 
using SERS. In recent years, SERS has seen increased development 
and use, with applications in, e.g., medicine [11,12], forensics [13,14] 
and defence [15–18]. These developments in conjunction with recent 
advances in portable and handheld Raman instrumentation, as well 
as the inherent rapid nature of SERS (measurements taking between 
seconds and a few minutes) have opened the door to in situ detection 
of trace amounts of nerve agents using SERS [13,19].

Two of the biggest obstacles to achieving trace SERS detection of 
nerve agents are (1) the low Raman cross section of organophosphorus 
molecules and (2) their low affinity for SERS-active elements such as 
gold or silver [20]. One way to mitigate these issues is to functionalize 
the SERS substrate with a Raman-active probe molecule. Recent studies 
using SERS have found limits of detection (LOD) for VX around 10 ppm 
on non-functionalized substrates, and as low as single ppm on function-
alized substrates [21–23]. Furthermore, while non-functionalized SERS 
substrates often cannot reliably detect a specific substance in complex 
media without time-consuming prepurification steps, functionalization 
allows targeted detection of specific molecules for SERS also in com-
plex solutions [24,25]. In a previous study, Juhlin et al. synthesized 
and demonstrated an oxime-based Raman probe molecule called 4-
PAO [22]. 4-PAO uses the high affinity of its oxime group for the 
organophosphorus group of nerve agents to enhance the detection of 
VX and GA — lowering their LOD to ∼1 ppm for VX and ∼30 ppm 
for GA. However, despite long immersions in nerve agent solution, this 
probe molecule struggled to detect GF at low concentrations. This was 
theorized to be due to the lower SERS response of GF, its limited impact 
on the 4-PAO vibrational band energies, and its poorer affinity for the 
oxime probe. Improving these factors is key to achieving a broadly 
applicable SERS-based detection method for nerve agents — not just 
GF but also for similarly difficult-to-detect nerve agents such as GB and 
GD. Furthermore, 4-PAO did not adhere well to the SERS substrate and 
therefore could not be rinsed without removing the probe molecule. 
This severely limits the use of the molecule for field detection, where 
rinsing is key to removing undesired molecules present in the sample 
matrix. In addition to 4-PAO, several works have been published on 
nerve agent detection that utilize nerve agent simulant molecules in 
place of live nerve agents. Although these works are interesting in their 
own right, the inherent chemical differences between live nerve agents 
and their simulants mean that these methods often do not translate to 
the detection of live nerve agents [26].

In this work, we have developed a new SERS detection assay for live 
nerve agents, using a novel and custom SERS probe molecule called 4-
Thiophene Pyridine Amido Oxime (TPAO, complete chemical structure 
in Fig.  1A). TPAO, like 4-PAO, is built from an oxime group attached to 
a pyridine group, with an additional thiophene group to improve the 
molecule’s vibrational and binding properties for SERS. More specifi-
cally, the thiophene group promotes adhesion between TPAO and noble 
metals, making it possible to easily rinse the TPAO-functionalized SERS 
substrate of contaminants [27], which in turn facilitates the detection of 
nerve agents in real-world samples. Moreover, the extended substrate-
thiophene-pyridine-oxime structure allows the addition of nerve agents 
2 
to more significantly impact relevant vibrational bands in TPAO, mak-
ing it more effective in detecting nerve agents such as GF that do not 
show high intrinsic Raman activity.

To determine the effectiveness of TPAO, we evaluated it against 
three low-volatility live nerve agents: VX, GA, and GF. The use of live 
nerve agents is important in the development of functional sensors, 
as previous reports highlight that nerve agent simulant organophos-
phates often do not adequately replicate the chemistry of live nerve 
agents [26]. We functionalized gold-coated nanopillar SERS substrates 
with TPAO, deposited them with nerve agent using a fast and simple 
drop deposition method, and captured the SERS signal using a portable 
Raman instrument (Fig.  1B–D). We evaluated changes in wavenumber 
and intensity in the TPAO spectrum caused by the deposition of nerve 
agents and used these to estimate their LOD. We also evaluated the ef-
fects of a simple water rinse on TPAO and TPAO-nerve agent adduct. To 
quantify spectral differences between nerve agents and assess whether 
TPAO can be used to distinguish between nerve agents, we performed a 
principal component analysis (PCA). To evaluate the field applicability 
of our method, we tested TPAO against nerve agents in impure solvents 
and other organic contaminants. Lastly, we discuss additional concerns 
such as whether TPAO could be used to detect gaseous nerve agents, 
the possible effects of using alternative solvents, and future prospects. 
Overall, the results presented herein show that TPAO can be used to 
detect not only trace amounts of nerve agent using SERS but also to 
tell apart different live nerve agents and separate these from less lethal 
simulant molecules, as well as to do so in complex and impure media; 
something which has, to our knowledge, not been previously done 
using live nerve agent. This is a significant improvement over previous 
nerve agent sensing assays in terms of selectivity, robustness, and broad 
applicability, and constitutes a significant step forward towards SERS 
detection of nerve agents in real-life scenarios.

2. Materials and methods

2.1. Purity of nerve agents and reference chemicals

The purity of our reference organophosphorus substance dimethyl 
methylphosphonate (DMMP, CAS 756-79-6, Sigma Aldrich) was > 98
%. Our contamination simulant substance benzilic acid (BA, CAS No. 
76-93-7, Sigma-Aldrich) was of purity > 99 %. Lastly, the nerve agents 
VX, GA, and GF used herein were synthesized in house with purity > 90
%, as confirmed using 1H and 13C NMR. Nerve agent chemicals are 
highly toxic even at low levels of exposure, and therefore, work with 
live nerve agents should only be carried out with great care and after 
appropriate training.

2.2. Synthesis and characterization of 4-Thiophene Pyridine Amido Oxime 
(TPAO)

To synthesize TPAO we added Pd(PPh3)2Cl2 (114 mg, 0.16 mmol, 
Sigma-Aldrich) and K2CO3 (2.24 g, 16.24 mmol) to a solution of 
4-Chloropyridine-2-carbonitrile (900 mg, 6.50 mmol, Ambeed) and 
3-thienylboronic acid (997 mg, 7.79 mmol, Sigma-Aldrich) in 4:1 diox-
ane/water (6.5 mL) contained in a sealed flask. The reaction was 
then heated to 80 ◦C for 16 h and then allowed to cool to room 
temperature. The reaction mixture was evaporated until dried, before 
being redissolved in 40 mL ethyl acetate (EtOAc)/Water 1:1 and then 
separated. The aqueous phase was extracted with EtOAc (2 × 40 mL). 
We washed the combined organic phases with brine (40 mL), and let it 
dry and concentrate over Na2SO4. The residue was purified with flash 
chromatography [Heptane:EtOAc 4:1 – 1:1] to give TPAO precursor 1
(1.13 g, 93%) as described in Fig. S1.

500 mg of 1 was then dissolved in 16 mL ethanol (EtOH) in a 20 
mL microwave vial before adding hydroxylamine hydrochloride (373 
mg, 5.37 mmol, Sigma-Aldrich) and K2CO3 (1.11 g, 8.05 mmol). The 
microwave vial was capped and heated in the microwave for 2 h at 
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Fig. 1. (A) Molecular structure of Raman probe molecule TPAO alongside corresponding SERS spectrum. The arrows indicate Raman band shifts upon binding to 
a nerve agent molecule. The ball-and-stick molecular structure shows lowest energy conformation between TPAO and a simple gold dimer structure as calculated 
using DFT. Atoms are depicted using typical CPK notation: Grey — Carbon, White — Hydrogen, Red — Oxygen, Blue — Nitrogen, Yellow — Sulphur, Gold — 
Gold. (B–D) Nerve agent detection protocol using TPAO on gold-coated nanopillar SERS substrate. The gold-coated nanopillars (B), are functionalized with TPAO 
(C). After this, nerve agent is deposited, binding to the TPAO Raman probe molecule (D). The interaction between solvent and nanopillars cause the nanopillars 
to aggregate, forming SERS hotspots as pictured in the scanning electron microscopy (SEM) image (E).
90 ◦C. The reaction mixture was evaporated until dried, and the residue 
was then dissolved in 50 mL EtOAc. The resulting solution was washed 
twice with water (25 mL) and once with brine (25 mL), and then 
dried and concentrated over Na2SO4. Finally, this crude product was 
recrystallized from EtOH to give TPAO 2 as off-white needles (454 mg, 
77%). The crystallized TPAO was then dissolved in acetonitrile (MeCN) 
before functionalization on the SERS substrate.

General synthesis and chemical characterization methods for TPAO 
precursor (1), TPAO (2), and TPAO-nerve agent adducts can be found 
in the SI.1H,13C, and 31P nuclear magnetic resonance (NMR) spectra 
of TPAO and TPAO-nerve agent adducts can be found in Fig. S2–S5. 
Raman spectra of crystallized TPAO and TPAO-nerve agent adducts 
can be found in Fig. S6–S9, corresponding well to the SERS spectra 
presented in later sections. Additional NMR and mass spectrometry 
characteristics of the TPAO precursor, TPAO, and TPAO-nerve agent 
adducts can be found in the SI. The molecular structure of nerve agents, 
TPAO-nerve agent adducts, and reaction pathways can be found in Fig. 
S10–S12.

2.3. Raman system and methodology

To measure SERS, we used a portable miniRaman spectrometer 
(Lightnovo ApS, Copenhagen) equipped with a continuous wave laser, 
which emits at 785 nm and produces a spot size of 15 μm. SERS 
measurements were conducted at a laser power of 8 mW. Each mea-
surement consisted of 10 accumulations of 2 s each, for a total ac-
quisition time of 20 s per spot. SERS spectra were acquired between 
400–2500 cm−1, with a spectral resolution of 8–10 cm−1 based on 
a silicon reference. The laser and spectrometer were both controlled 
using the associated miniRaman Software.

The SERS substrates used herein were 3 × 3 mm silicon nanopil-
lar surfaces with nanopillar width ∼50 nm and a density of ∼33 
nanopillars/μm2 (Gold SERSstrate, Silmeco). The pillars are coated 
with 160 nm thick gold metal film, which yields a pillar height of 
3 
∼390 nm. Furthermore, the nanopillars are semi-elastic and thus aggre-
gate when exposed to capillary forces from a droplet (Fig.  1E), forming 
plasmonic hotspots [28,29].

Ahead of functionalization, we collected reference spectra from 
the pristine substrates before and after rinsing with deionized water. 
After rinsing, a 2 μL 100 ppm drop of TPAO was applied to the 
substrate, causing the formation of SERS hotspots (Fig. S13). We then 
measured the SERS signal, rinsed the substrate from excess TPAO, 
and measured the SERS signal again. After this, we measured the 
SERS signal from our chosen nerve agents on the TPAO-functionalized 
substrate by depositing 2 μL drops of nerve agent at increasing concen-
trations 0, 0.1, 0.3, 1, 3, 10, 30, and 100 ppm in deionized Milli-Q 
(MQ) water, rinsing the substrate between concentrations. For each 
concentration, we acquired spectra from five distinct spots on three 
replicate SERS substrates, resulting in a total of 15 acquisitions. Control 
measurements were performed on non-functionalized substrates using 
the same procedure, and additional chemical specificity controls were 
performed using aqueous DMMP in place of the nerve agent solution. 
To evaluate eventual solvent effects, we performed SERS measurements 
using MeCN as a solvent in place of water.

SERS measurements on nerve agents in impure solvent and contam-
inated samples were performed using water sampled from a local lake 
(pH 7.4, Lake Nydala, Umeå, Sweden, size 1 × 4 km, sampled 2024-
05-02). These samples were filtered through a 1 μm PTFE membrane 
filter (FALP01300, Millipore) to remove larger particles. To evaluate 
the effects of sample contamination, we spiked our nerve agent samples 
with 100 ppm BA prior to SERS measurement. After these steps, the 
SERS measurements were performed in the same way as those on pure 
solutions.

2.4. Gas-phase SERS procedure

SERS measurements on GA in gaseous form were performed using 
a custom-built temperature-controlled gas cell. TPAO-functionalized 
SERS substrates were placed within the cell, after which GA gas was 
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flowed through the chamber at 0.2 μL/min alongside carrier N2-gas at 
0.1 l/min for 10 min, resulting in a GA concentration of approximately 
30 ppm. After this, the gas flow was cut and the sample chamber cooled 
to -20 ◦C over a period of 2 min using a cooling stage, and left at -20 ◦C 
for 30 min, causing GA gas to deposit on the substrate. After this, the 
chamber was brought back to room temperature over a period of 2 min, 
the remaining GA gas evacuated, and the chamber opened. After this, 
the SERS signal was measured as done with aqueous GA.

2.5. Data analysis

SERS spectra were preprocessed in the OPUS vibrational spec-
troscopy software (OPUS 8.5 SP1, Bruker Optics GmbH & Co.). The 
acquired spectra were cut to the active range 500–2500 cm−1 and 
baseline-corrected using the concave rubber band method with 64 
baseline points and 15 iterations. To better qualitatively assess our 
SERS spectra, we normalized the baseline corrected spectra using vector 
normalization. Quantitative assessments of SERS band intensity as a 
function of analyte concentration were performed on non-normalized 
spectra. The change in intensity of the SERS bands was modelled using 
a Hill growth model 𝑓 (𝑥) = 𝐴𝑥𝑛∕(𝑘𝑛 + 𝑥𝑛), where 𝑥 is nerve agent 
concentration, 𝑘 is the nerve agent concentration producing half site 
occupation, 𝑛 is the Hill coefficient, and 𝐴 is a proportionality coeffi-
cient [30]. We opt to use the Hill growth model over the often used 
Langmuir adsorption model as we introduce TPAO as an intermediate 
molecule. TPAO introduces complexity to the system as the possible 
degree of cooperativity between the substrate and nerve agent, as 
described by the Hill coefficient, may differ between functionalized and 
non-functionalized substrates. The presented spectra were plotted in 
Origin (2023, OriginLab) and are averages of 15 measurements from 3 
separate SERS substrates. We calculated the LOD of the different nerve 
agents as the blank signal plus 3 standard deviations (SD) of the spectral 
noise over the relevant Raman shift wavenumbers at 0 ppm, as done in 
previous works detailing SERS detection [31,32].

We used Prism 9 software (Prism 9.3, Graphpad software) to per-
form PCA analysis based on a correlation matrix generated from 15 
individual samples. The principal components were chosen to account 
for 98% of the sample variance. The loadings of individual spectra onto 
principal components were plotted using Origin.

2.6. Density functional theory

We used density functional theory to calculate theoretical Raman 
spectra at the B3LYP [33–36] / cc-pvtz [37,38] level of theory. These 
calculations were performed using Gaussian 16 ver. C.01 [39] software 
with an ultrafine integration grid and implicit solvation in water us-
ing the polarizable continuum model [40]. Raman spectra from the 
calculated Raman frequencies were generated using the GaussSum soft-
ware [41]. Furthermore, we modelled the binding mechanism between 
TPAO and a gold structure using geometrical optimization calcula-
tions performed at B3LYP/LANL2DZ [42] level of theory. Molecular 
geometries were visualized using Gaussview 6 software.

2.7. Electron microscopy imaging

SERS substrates were imaged using a scanning electron microscope 
(SEM) (Merlin FESEM, Carl Zeiss). To avoid charge build-up, silver 
paint was applied between the active surface and the carbon paper-
decorated sample holder. The SERS substrates were imaged using the 
SEM InLens imaging mode at magnifications 1000–80000 ×.
4 
Table 1
Notable experimental SERS bands of TPAO on gold-
coated SERS substrate and matching band assignments 
derived from DFT calculation.
 Raman shift (cm−1) Assignment  
 684 (w) Thiophene S-C stretching  
 790 (m) Pyridine asymmetric bending  
 814 (m) Thiophene C-H wag  
 1012 (vs) Pyridine ring breathing  
 1158 (vw) Oxime O-H wag  
 1272 (s) Pyridine ring C-H wag  
 1440 (m) Thiophene C=C stretching  
 1528 (vs) Thiophene C-C stretching  
 1562 (s) Pyridine asymmetric stretching 
 1606 (vs) Pyridine symmetric bending  

3. Results and discussion

3.1. Physicochemical and SERS characteristics of TPAO

To evaluate the efficacy of our Raman probe TPAO in detecting 
nerve agents, we first need to characterize the TPAO molecule. TPAO is 
based on an oxime capture group connected to a pyridine ring, which 
is then further connected to a thiophene ring. SERS measurements on 
100 ppm TPAO yielded a rich spectral fingerprint, as shown in Fig. 
1A. This fingerprint is largely similar to that of the normal Raman 
fingerprint of TPAO (Fig. S6), but with slightly broadened peak pro-
files, likely due to structural differences between the single-molecule 
and crystalline structures. Notable SERS bands include a double band 
around 790 cm−1, sharp bands around 1012 and 1272 cm−1, as well 
as three closely adjacent sharp bands at 1528, 1562, and 1606 cm−1. 
Using DFT computations, we found that these prominent bands come 
mainly from vibrations in the aromatic thiophene and pyridine rings, as 
detailed in Table  1. The full DFT-calculated Raman spectrum (Fig. S14) 
was overall found to agree well with the experimental Raman spectra. 
Because the organophosphorus nerve agents studied herein bind to the 
oxime group adjacent to the highly Raman-active pyridine group, it 
follows that these sharp pyridine bands will be the most impacted when 
TPAO binds to a nerve agent molecule. These effects can then be used 
to infer the presence of nerve agents in a sample.

In addition to capturing nerve agent molecules, TPAO is also de-
signed to adhere strongly to the gold substrate through its thiophene 
group [27]. There are several benefits to this. Strong
molecule–substrate adhesion minimizes the distance between the
TPAO-nerve agent adduct and SERS hotspots on the substrate, boosting 
the Raman signal. Furthermore, the strong substrate-TPAO-nerve agent 
bond enables cleaning procedures such as a simple water rinse to 
remove contaminants from the SERS substrate without washing away 
the analyte. To verify the affinity between TPAO and our gold-coated 
SERS substrates, we computed the binding energy between the two 
using a simplified DFT model where a linear diatomic gold structure 
acts as the gold substrate interacting with TPAO. Exploring different 
starting geometries, we found that the geometry with the highest 
binding energy between TPAO and the gold structure indeed involves 
the thiophene group (Fig.  1A). We calculated the binding energy of 
this geometry to be 117 kJ/mol, suggesting strong dipole attraction 
as the main mode of binding. Adding additional gold atoms (3, 4, 
and 10 atoms) to the gold structure did not drastically change the 
binding energy (<15% increase in the binding energy with 10 atoms). 
Other geometries with significant binding energies involve the oxime-, 
and NH2 groups (Fig. S15) at 99 and 94 kJ/mol, respectively, which 
constitute possible but less probable anchoring points for TPAO. Note 
that the gold structure used in these calculations is a simplified model 
of the gold-coated nanopillar structures used in experiments, and 
although the calculated binding geometries geometry should be largely 
accurate to experiments, exact experimental binding energy values will 
likely differ from those calculated herein.
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Fig. 2. (A–B) Evolution of VX 900 (A), and GA 2140 (B) cm−1 SERS bands on TPAO-functionalized substrate at increasing concentrations 0–100 ppm. (C) SERS 
spectral evolution of GF on TPAO-functionalized substrate. Areas showing notable wavenumber shifts are highlighted. (D–F) Expanded spectra of highlighted 
areas around Raman shifts at 790 (D), 1000 (E), and 1270 (F) cm−1.
3.2. Nerve agent deposition causes spectral shifts in the TPAO SERS finger-
print

Having established the SERS spectral characteristics of TPAO, we 
wanted to evaluate TPAO’s efficacy in detecting nerve agents. We 
focus on three low-volatility nerve agents; VX, GA, and GF. Previous 
studies have shown that VX, and to a lesser extent GA, can be detected 
on non-functionalized SERS substrates at concentrations around 1 to 
10 ppm [23,43]. These works used SERS bands around 900 (C-C-N 
and O-P-C stretching modes) and 2140 (C≡N stretching mode) cm−1

as indicators for VX and GA, respectively. In comparison, GF was 
shown to be more difficult to detect at low concentrations, with no 
distinguishable characteristic bands detected below 100 ppm. Similarly 
to these works, we observed the same 900 and 2140 cm−1 SERS 
bands using our TPAO-functionalized substrates, indicating VX and GA 
respectively (Fig.  2A-B). A full quantitative assessment of these bands 
and accompanying LOD calculations will follow in upcoming sections. 
Complete SERS spectra for VX (Fig. S16–S17) and GA (Fig. S18–S19) 
are available in the SI.

Unlike VX and GA, to our knowledge, no previous studies have 
been able to effectively detect GF at concentrations below 100 ppm 
5 
using SERS. Juhlin et al. suggested in their previous work on the 4-PAO 
Raman probe molecule that indirect detection on GF could be possible 
through changes in the Raman spectrum of the probe molecule upon 
binding to a nerve agent, but could not quantify such a shift using the 
4-PAO molecule [22]. Despite this, the low inherent Raman activity 
of GF suggests that indirect detection building on the oxime structure 
created by Juhlin et al. is the most promising avenue for the detection 
of GF using SERS. Similarly to previous studies, we did not observe any 
characteristic GF SERS bands using our TPAO-functionalized substrate, 
even at 100 ppm (Fig.  2C). However, upon the deposition of 1 ppm GF, 
we could discern changes in the wavenumber and intensity of several 
SERS bands related to TPAO, according to the principle proposed by 
Juhlin et al. Specifically, TPAO SERS bands at 790 and 1000 cm−1

gradually moved towards lower wavenumbers with increasing GF con-
centration, saturating around 30–100 ppm (Fig.  2D–E). At the same 
time, the SERS band at 1270 cm−1 moved towards higher wavenumbers 
with increasing GF concentration (Fig.  2F). Physically, these spectral 
movements indicate a change in the molecular structure of TPAO. 
When GF binds covalently to TPAO, it forms an adduct, causing the 
vibrational frequencies of the molecular groups close to the adduct 
formation point to shift slightly. As more GF is deposited, forming 
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more TPAO-GF adducts, the relative intensity of these slightly altered 
Raman bands will grow relative to the unaltered TPAO bands, which 
we perceive as a ‘‘shift’’ in the Raman band. Specifically, the observed 
band shifts likely stem from vibrational frequencies associated with the 
pyridine ring adjacent to the GF-adducted oxime group. As previously 
shown in Table  1, the shifted bands at 790, 1000, and 1270 cm−1

are indeed assigned to the pyridine ring’s asymmetric bending mode, 
breathing mode, and C-H wag, respectively. Similar band shifts could 
also be observed in the SERS spectra of VX and GA, suggesting that 
these shifts are not specific to GF but can be attributed to the formation 
of adducts between TPAO and any of the nerve agents used herein. 
Overall, we conclude that TPAO can be used to indicate even difficult-
to-detect nerve agents by tracking Raman band shifts related to the 
formation of adducts between TPAO and nerve agents. Similar princi-
ples should be applicable on other difficult-to-detect organophosphorus 
nerve agents such as GB and GD; however, these high-volatility agents 
were not evaluated within the scope of this work.

To evaluate the specificity of TPAO, we compared the Raman shifts 
observed in GA, GF, and VX with those of a control substance. For this 
purpose, we used the chemically similar organophosphorus material 
DMMP. DMMP is classified as a class 2 chemical by the CWC and is 
available for commercial use as, e.g., a flame retardant. Compared to 
VX, GA, and GF which all have leaving groups around their central 
phosphoric structure (-S-R, -C≡N, and -F, respectively), the -OCH3
group found in DMMP is a less effective leaving group and therefore 
does not form adducts with TPAO on a significant scale [26]. Because 
of this, we do not expect to see the same wavenumber shifts previously 
observed from VX, GA, and GF from DMMP, since no covalent bond will 
form between the oxime group of TPAO and the phosphate group of the 
nerve agent. Measurement of the SERS signal of DMMP on the TPAO-
functionalized substrate indeed revealed little to no wavenumber shift 
in the previously established regions of interest around 790, 1000, and 
1270 cm−1 (Fig. S20–S21). This indicates that the organophosphorus 
structure of non-adduct-forming chemicals by themselves do not impact 
the Raman characteristics around these areas of interest; an important 
property, as high concentrations of nerve agents have been shown to 
in some cases display Raman activity around, e.g., 750–800 cm−1 [44]. 
However, some changes in intensity were observed in the bands around 
820 and 1350 cm−1. Based on our previous assignments, the 820 cm−1

SERS band corresponds to the C-H wag vibration of thiophene. A 
decrease in this band could be caused by competition for binding sites, 
which disproportionately decreases the intensity of bands related to the 
thiophene groups close to the SERS surface. A similar phenomenon was 
also observed in the SERS spectra from VX, GA, and GF. The increase in 
intensity around 1350 cm−1 is likely an artefact of spectral background 
correction and is therefore not indicative of any chemical interactions 
between TPAO and DMMP. Overall, upon deposition of DMMP on a 
TPAO-functionalized substrate, we found no wavenumber shifts in the 
TPAO spectral fingerprint and only limited shifts in its SERS intensity. 
This is further evidence that the wavenumber shifts we observed in 
VX, GA, and GF at 790, 1000, and 1270 cm−1 are indeed specific to 
the TPAO-nerve agent adduct. All things considered, it further indicates 
that the wavenumber shifts seen between TPAO and live nerve agents 
are indeed caused by covalent interactions specific to the TPAO-oxime’s 
interaction with the phosphate group of the nerve agent. Although 
other non-specific interactions may occur between the probe and the 
nerve agent, such as hydrogen bonds as illustrated by Sambrook et al. 
these are also to be expected in other non-nerve agent organophosphate 
chemicals such as DMMP [45].

To quantitatively assess whether SERS spectra from different nerve 
agents can be discriminated on TPAO-functionalized substrate, we per-
formed multivariate analysis. Multivariate algorithms are a useful tool 
for automated detection and identification of nerve agents, limiting the 
time and human resources needed for sample analysis. Furthermore, 
their use allows for more objective detection criteria compared to 
human analysis, which is especially important when the end user is 
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Fig. 3. PC loadings of TPAO, VX, GA, GF, and DMMP. VX, GA, and GF can be 
largely distinguished from each other and TPAO, while DMMP exhibits similar 
PC loadings as TPAO.

not an expert in Raman analysis. Here, we used PCA to decompose 
our TPAO SERS spectra into principal components, along with spectra 
from 10 ppm solutions of VX, GA, GF, and DMMP deposited on TPAO-
functionalized substrates. We then loaded the individual spectra onto 
our principal components and compared the loadings between samples. 
Using PCA, we found that for > 98 % of variance between samples can 
be attributed to three principal components. Of these three principal 
components (PC), PC1 is responsible for the vast majority of variance 
at 95.4%, and PC2–PC3 are responsible for 2.5% and 1.0% of variance, 
respectively. Spectrally, PC1 contained most of the spectral informa-
tion on TPAO, while PC2 and PC3 contained information on nerve 
agent-induced spectral shifts relative to the original TPAO spectrum 
(Fig. S22). Thus, PC2 and PC3 are ideal for quantifying SERS spec-
tral differences between TPAO and nerve agent adducts. PC loadings 
involving PC1 can be found in Fig. S23. PC-loadings onto PC2 and 
PC3 (Fig.  3) were largely the same between lone TPAO and DMMP. 
This result is in agreement with the lack of interaction previously 
observed between TPAO and DMMP. In contrast, GA and VX showed 
notable differences in loadings compared to those of pure TPAO, in 
line with our previous observations on the effects of nerve agents on 
the spectral characteristics of TPAO. Crucially, GF showed a smaller 
but clearly discernible difference in PC loading compared to TPAO, in 
line with the fact that GF does not exhibit any spectral bands of its 
own (unlike VX and GA), but rather shifts the bands already present 
from TPAO. A small overlap can be seen in the PC loadings of GF and 
GA, corresponding to GA measurements with a less intense 2140 cm−1

band. Crucially, no overlap was observed between the nerve agent 
spectra and the TPAO/DMMP spectra. In conclusion, our PCA model 
demonstrates how multivariate analysis or similar methods can be used 
to indicate and discriminate not only VX and GA but also more difficult-
to-detect nerve agents like GF. Furthermore, the difference in spectral 
loading between VX, GA, and GF, to that of DMMP further illustrates 
the level of specificity with which TPAO-functionalized SERS substrates 
can be used to sense different nerve agents.

3.3. TPAO improves nerve agent LOD and SERS signal stability

Having shown how TPAO can be used to detect and discriminate 
between nerve agents, we wanted to evaluate how TPAO impacts 
the LOD of the different nerve agents. To do this, we compared the 
SERS spectra of nerve agents on non-functionalized substrates to those 
on substrates functionalized with TPAO. Looking at the change in 
intensity of the 900 cm−1 band with increasing concentrations of VX 
on TPAO-functionalized substrate, we observed rapid band growth 
between 1–10 ppm (Fig.  4A). For comparison, equivalent SERS band 
growth on non-functionalized substrate occurred over a higher concen-
tration range 10–30 ppm. Interestingly, we could observe a higher band 
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Fig. 4. Band intensity vs. concentration curves for VX at 900 cm−1 (A) and GA at 2140 cm−1 (B). VX follows a Hill growth model with fitting parameters 
𝐴 = 1.735, 𝑘 = 1.911, and 𝑛 = 1.090 (𝑅2 = 0.99) on TPAO-functionalized substrate, and 𝐴 = 3.103, 𝑘 = 50.362, and 𝑛 = 1.001 (𝑅2 = 0.80) on non-functionalized 
substrate. GA follows a Hill growth model with fitting parameters 𝐴 = 5.459, 𝑘 = 35.471, and 𝑛 = 1.000 (𝑅2 = 0.96) on TPAO-functionalized substrate. For GA 
on non-functionalized substrate, no accurate model could be fit to the data due to incomplete curve growth. Error bars indicate the standard deviation of a given 
sample across 15 measurement spots on 3 separate SERS substrates.
intensity on non-functionalized substrates than on TPAO-functionalized 
substrate at higher VX concentrations (> 30 ppm). One plausible 
explanation for this is competition for binding sites between TPAO and 
VX at high VX concentrations on the TPAO-functionalized substrate, 
decreasing both signals in the process. Defining the LOD of the analyte 
as 3×SD of the spectral noise measured over the characteristic band 
location at 0 ppm, we calculated the LOD of VX to 1.1 ppm on 
functionalized substrates and 4.2 ppm on non-functionalized substrates. 
Our TPAO-functionalized substrate thus offers a marginal improvement 
in the LOD of VX compared to a non-functionalized substrate. However, 
it should be noted that in both cases the LOD is significantly lower 
than what normally constitutes a lethal VX dose, with the lethal dose 
of other nerve agents evaluated herein being significantly higher [46]. 
Consequently, while the improvement in the LOD of VX stemming from 
TPAO-functionalization is welcome, the benefit of this improvement is 
more marginal than the benefit gained from increased selectivity.

Moving on to GA, we assessed the change in intensity of the 
characteristic GA SERS band at 2140 cm−1. Similarly to the 900 cm−1

band in VX, band growth at 2140 cm−1 was observed at lower GA 
concentrations on the functionalized substrate compared to the non-
functionalized substrate (Fig.  4B). Interestingly, this SERS band did 
not saturate even at 100 ppm GA on the functionalized or non-
functionalized substrate. We believe this to be caused by the release 
of smaller cyanide ions upon formation of the TPAO-GA adduct. These 
structures, which have a demonstrated strong affinity for gold, can then 
bind separately to the SERS substrate between the TPAO binding sites 
and contribute to the 2140 cm−1 SERS band [47,48]. However, the 
exact wavenumber of the lone cyanide group has been known to vary 
significantly around 2100 in the literature, which should be considered 
when recreating these experiments with other substrates and/or differ-
ent measurement conditions [49,50]. From the GA fitting curves, we 
could then derive a LOD of 2.1 ppm GA on the TPAO-functionalized 
substrate, notably lower than the 28.1 ppm on non-functionalized 
substrate. TPAO-functionalization thus improves the LOD of GA by 
more than one order of magnitude compared to the non-functionalized 
substrate. In summary, this brings the LOD of VX and GA to levels 
similar to those recorded in previous works [22,44].

Lastly, as we did not observe any intrinsic SERS band for GF, we 
could not establish an exact LOD for GF using the same method as for 
VX and GA. However, it is possible to estimate the LOD by quantifying 
the shift in characteristic TPAO SERS bands (e.g., the 1270 cm−1

pyridine ring C-H wag) upon binding to GF. The 1270 cm−1 band 
saw a wavenumber upshift of 4 cm−1 band already after deposition 
of 1–3 ppm GF (Fig. S24). Adding additional GF produced a further 
spectral upshift of 8 cm−1 at 30 ppm before reaching saturation. In com-
bination with our previously demonstrated PCA model, this suggests 
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an estimated LOD of 1–10 ppm, within the same order of magnitude 
as VX and GA, which have traditionally been easier to detect using 
SERS. Thus, we show that using GF-induced shift in the Raman bands 
of TPAO, it is possible to indicate GF at single ppm concentrations, a 
significant improvement over similar detection methods which struggle 
to identify GF below 100 ppm with a degree of specificity [22].

Another interesting property of TPAO is the improved spot-to-spot 
reproducibility of the SERS signal from nerve agents observed on TPAO-
functionalized substrates compared to on non-functionalized substrates. 
As shown in Fig.  4A–B, TPAO-functionalized substrate produced a 
lower variance between measurements and better fits to the standard 
models. For comparison, saturation curves for VX and GA on TPAO-
functionalized substrate produced a good fit using the Hill model, with 
𝑅2-values of 0.99 and 0.96, respectively. The equivalent value on non-
functionalized substrate for VX was 0.80, while GA did not produce 
an adequate fit to the model. This shows that in addition to improving 
specificity and LOD, TPAO can also be helpful in producing predictable 
and reproducible SERS spectra by reducing the variance in Raman band 
intensity in comparison to the non-functionalized substrate. Full SERS 
spectra of VX and GA on non-functionalized substrates can be found in 
Fig. S25–S26.

3.4. Impact of sample contamination on SERS spectral quality

Having previously demonstrated the covalent bond between TPAO 
and nerve agents through NMR and the affinity between TPAO and 
gold structure nanostructures through DFT, we expect strong adhesion 
between the TPAO-nerve agent adduct and the SERS substrates used in 
our experiments. Strong selective binding between the analyte, probe 
molecule, and SERS substrate is useful in detection assays because it en-
ables rinsing and similar cleaning procedures to remove contaminants 
from a sample deposited on a SERS substrate, while the bound analyte 
remains attached to the substrate. This results in a cleaner signal and 
better conditions for the detection of CWA in realistic samples in im-
pure media, contaminated solutions, and complex matrices. To evaluate 
the attachment between nerve agents and SERS substrate, we compared 
the intensity of characteristic SERS bands from 10 ppm solutions of 
VX and GA, on non-functionalized and TPAO-functionalized substrates, 
before and after rinsing the substrate with water. For VX, we found that 
TPAO indeed improves the retention of the SERS signal upon rinsing the 
substrate, even recording a slight 3% increase in the average intensity 
of the 900 cm−1 band (Fig.  5A). For comparison, rinsing caused a 48% 
decrease in signal intensity on the non-functionalized substrate. Similar 
numbers were observed for GA, with a decrease in intensity of only 4% 
in the 2140 cm−1 SERS band after rinsing on functionalized substrate, 
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Fig. 5. (A–B) 10 ppm nerve agent relative SERS band intensity of VX 900 cm−1 band (A) and GA 2140 cm−1 band (B), on TPAO-functionalized and non-
functionalized substrate, before and after rinsing with water. (C) SERS spectra of VX dissolved in lake water and spiked with 100 ppm BA. 10 ppm VX induces 
limited shifts in the TPAO SERS spectra, which become more prominent upon rinsing.
compared to 61% on non-functionalized substrate (Fig.  5B). Thus, we 
conclude that functionalization with TPAO greatly improves the adhe-
sion between nerve agents and the SERS substrate, as demonstrated 
by the stronger signal retention upon substrate rinsing on the TPAO-
functionalized substrate compared to the non-functionalized substrate, 
making TPAO-functionalized substrates suitable for detection of nerve 
agents in more complex solutions.

To evaluate the selectivity and robustness of TPAO in a real detec-
tion assay, we performed SERS measurements on dissolved VX in lake 
water (lake water reference spectra found in Fig. S27). We found that 
the obtained spectral characteristics are similar to those obtained in 
deionized (DI) water, even without rinsing the substrate from contam-
inants (Fig. S28). Some small differences could be observed, such as 
a slight difference in Raman shift characteristics around 790 cm−1, as 
well as overall slower band growth at 900 cm−1. However, the general 
spectral characteristics were largely identical to those using DI water as 
a solvent, suggesting that selective binding of TPAO to VX is sufficient 
to yield a specific signal even in impure media. This shows that slight 
solvent impurities do not significantly impair the TPAO’s capacity to 
detect nerve agents.

Taking this into account, we further challenged the
TPAO-functionalized substrates by spiking VX samples with 100 ppm 
benzilic acid (BA, SERS spectra found in Fig. S29). BA contains aromatic 
benzene structures and is a common precursor for chemicals with 
warfare application, making it and similar chemical structures likely 
candidates for nerve agent sample contamination. Upon probing the 
BA-spiked VX sample, we observed limited spectral characteristics 
associated with the VX-TPAO adduct, even at 10 ppm VX (Fig.  5C). This 
inhibition is likely caused by a combination of multilayer formation 
from the BA, as well as competition for binding sites between the small 
amount of VX and the larger amount of BA. To reduce this inhibition, 
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we rinsed the VX-deposited sample with DI water to remove excess 
BA. After rinsing, we could again observe the characteristic VX SERS 
fingerprint as previously seen in pure VX samples, including the VX-
specific SERS band at 900 cm−1. In addition to the 900 cm−1 SERS 
band, TPAO wavenumber shifts around 790, 1000, and 1270 cm−1

(Fig. S30) were also present. These wavenumber shifts around 790 
and 1270 cm−1 were already partially developed before rinsing, sug-
gesting that some interaction between TPAO and VX takes place even 
on non-rinsed samples, although the extent of this interaction likely 
limited by the competing BA. In conclusion, the combination of TPAO-
functionalization and a simple water rinse was sufficient to detect nerve 
agents at concentrations below 10 ppm even in heavily contaminated 
media. This is a crucial step towards achieving field detection of 
nerve agents using SERS. However, it should be noted that although 
these experiments cover some of the most relevant contaminants, the 
experiments are not all-encompassing. As such, other less obvious 
contaminants not considered herein may still affect the interactions 
between nerve agent, oxime, and substrate. This is a relevant consid-
eration for future work specifically detailing the impact of interfering 
chemicals on Raman probe-assisted SERS sensing.

3.5. Addressing solvent effects, gas-phase detection, and additional concerns

In this work, we have demonstrated how TPAO can be used to 
detect low-volatility nerve agents such as VX, GA, and GF in aqueous 
solution. However, there are several other solvents that are commonly 
used for SERS sensing, and the choice of solvent can significantly 
affect the efficacy of a detection assay. Tripathi et al. demonstrated 
that the choice of solvent directly impacts the dielectric constant of a 
sample analyte and, by extension, the intensity of the SERS signal [51]. 
Furthermore, the choice of solvent can also affect factors such as solvent 
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surface concentration, evaporation speed, and SERS substrate morphol-
ogy [29]. To briefly address these points, we repeated our earlier 
SERS measurements, using MeCN as a solvent instead of DI water (Fig. 
S31–S33). Although the characteristic shifts relating to the formation 
of TPAO-nerve agent adducts were still present, we found that MeCN 
caused small but notable changes in the spectral characteristics of 
several TPAO-nerve agent adducts compared to those obtained with 
water as a solvent. With the exception of VX, we observed a smaller 
shift in the 790, 1000, and 1270 cm−1 bands after the deposition of 
nerve agents compared to when using water as a solvent, suggesting a 
weaker interaction between the nerve agent and TPAO. This could be 
caused in part by solvent-analyte or solvent-surface interactions such as 
competition for binding sites, as discussed by Tripathi et al. However, 
we propose that the shorter evaporation time of MeCN compared to 
water may be a contributor, as it limits the time during which TPAO 
and analyte can interact on the substrate. These observations are by no 
means conclusive, and the choice of solvent is a complex issue concern-
ing both solve-analyte interactions and solvent-surface interactions that 
do not fit within the scope of this work. As such, they warrant further 
in-depth studies on their own.

Detection of gas-phase nerve agents is another relevant consider-
ation. Although VX, GF, and, to a lesser extent, GA are all relatively 
low-volatility chemicals, other nerve agents such as GB, GD, and even 
GA can occur in gaseous form. As mentioned in the Introduction, 
methods such as ion mobility spectrometry and flame photometry see 
use in detecting nerve agents in gaseous form. However, the rapid, 
specific, and portable nature of SERS also makes it an ideal candidate 
for initial field indication of high-volatility nerve agents. A recent study 
by Hakonen et al. showed that SERS-based detection of, for example, 
GA is indeed possible through the use of a cooling cell to deposit a 
gaseous agent on a SERS-active surface [52]. To evaluate whether a 
similar method could be employed in a future assay for the specific 
detection of high-volatility nerve agents using TPAO-functionalized 
substrate, we performed exploratory SERS measurements on GA in the 
gas phase. To do this, we used a cooling cell (Fig. S34) to condensate GA 
into a droplet on the TPAO-functionalized substrate, followed by SERS 
measurements. We found that GA from condensate indeed produces 
spectral shifts similar to those from aqueous GA (Fig.  6). Similarly 
to aqueous GA, the SERS signal from the GA condensate displayed 
a characteristic SERS band at 2140 cm−1. Downshifts could also be 
observed at 790 and 1000 cm−1 as recorded in aqueous GA; however, 
these downshifts were smaller at only ∼3–4 cm−1, compared to those 
observed from aqueous nerve agents at 8–10 cm−1. Although we do not 
know the cause behind these smaller shifts, it is reasonable to believe 
that the colder temperatures of the cooling cell reduce the interactions 
between the TPAO and nerve agent molecules. Interestingly, we could 
also observe a new SERS band at 900 cm−1, which is not present 
in aqueous GA. Although this band has previously been observed by 
Hakonen et al. the vibrational origin of the band is unknown [23]. 
We want to again emphasize that these results on gas-phase detection 
of nerve agents were gathered using a non-optimized experimental 
methodology, and as such significant improvements could likely be 
made to make the method more effective for practical use. However, 
considering the high SERS intensity from the GA gas condensate ob-
served in these exploratory experiments, it would be interesting to 
develop a dedicated methodology for detecting, e.g., GA, GB, and 
GD in the gas phase using TPAO in a future project. However, this 
undertaking again falls outside the scope of this work.

As suggested above, the choice of solvent and nerve gas detection 
are two topics worthy of their own dedicated studies. In addition 
to these questions, other venues that are worth exploring include 
minimizing the impact of disruptive contaminants on the SERS signal, 
developing a more sophisticated model for identification and discrimi-
nation of nerve agents, and further optimizing the probe molecule for 
higher sensitivity and selectivity. Future work should also strive to-
wards the application of SERS to real-life warfare settings. This requires 
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Fig. 6. SERS spectra from TPAO-functionalized substrate before and after 
exposure to 10 ppm gaseous GA. In addition to the spectral changes found 
in aqueous GA, a new notable band can be observed at 900 cm−1.

intuitive portable systems operable by non-specialist users, possibly 
including, e.g., microfluidic systems for handling material contami-
nated by nerve agents, and algorithms for automated detection of nerve 
agents [53]. It also includes the development of portable instruments 
capable of effective spectral acquisition through, e.g., Raman mapping, 
which can also be used to effectively average SERS signals over an 
entire SERS substrate; as well as even smaller Raman spectroscopy 
systems suitable for handheld use, while simultaneously demonstrating 
sufficient signal and spectral resolution for reliable use [54]. Addition-
ally, although the SERS measurements performed in this work each 
lasted < 1 min, sampling and deposition times are still relevant factors, 
with deposition times of ∼1–5 min depending on the solvent used, and 
an additional 1–2 min required for rinsing when working with complex 
samples. These are total measurement times notably longer than those 
recorded for gaseous nerve agents using non-specific methods, e.g., ion 
mobility spectrometry and flame photometry (a few seconds), but 
largely in line with other Raman spectroscopic methods, and faster 
than other preparation-intensive methods for sensing nerve agents from 
liquid media, e.g., infrared spectroscopy and NMR (minutes to tens 
of minutes) [6]. Nevertheless, further improvements to the sampling 
and deposition speed would greatly benefit the applicability of SERS-
sensing of nerve agents in a real-world scenario. These developments 
in combination with SERS substrates such as those prefunctionalized 
with TPAO used herein could pave the way for an easy-to-use, rapid, 
and reliable method for the sensitive and selective detection of nerve 
agents. Following these advances, we are hopeful that SERS technology 
can be applied in the field detection of nerve agents in the near future.

4. Conclusion

Low-volatility nerve agents such as VX, GA, and GF are difficult to 
detect in small quantities using Raman spectroscopy and SERS because 
of their inherently low Raman signal. In this work, we have developed 
TPAO: a Raman probe molecule that mediates the selective detection 
of live nerve agents at low concentrations. We found that using TPAO, 
we were able to detect the traditionally difficult-to-detect nerve agent 
GF at single-digit concentrations using nerve agent-induced shifts in 
the Raman spectral signature of TPAO. TPAO also improved the LOD 
of VX and GA by a factor 10 when using SERS compared to a non-
functionalized substrate. We used PCA to quantitatively compare the 
spectral fingerprints of VX-, GA-, and GF-TPAO adducts from those 
of similar non-selectively bound organophosphorus chemicals such as 
DMMP, demonstrating the specificity with which TPAO can indicate 
and discriminate between nerve agents and similar organophosphate 
chemicals. Lastly, we found that the TPAO-functionalized substrates 
displayed improved adhesion between nerve agent and SERS-substrate 
compared to the non-functionalized substrates, with a loss in Raman 
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band intensity of ∼50% in key bands after a simple water rinse of 
the non-functionalized substrates. In contrast, the Raman band inten-
sity of the TPAO-functionalized substrates were largely unaffected by 
the rinse, preceding their use in assays on impure and contaminated 
samples where rinsing or other washing methods are vital. Taking 
these factors into account, we conclude that TPAO is a promising step 
towards achieving rapid and reliable trace SERS detection of nerve 
agents in the field. Relevant future developments include improving the 
detection methodology for different solvents and conditions, applying 
TPAO in the detection of nerve gasses such as GB and GD, and optimiz-
ing the detection methodology for easy-to-use application in the field 
by non-experts.
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Appendix A. Supplementary data

Molecular synthesis methodology and pathway, alongside figures 
detailing additional Raman and SERS spectra, PCA loadings, and molec-
ular geometries can be found in the Supporting Information.

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.snb.2026.139507.
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